Vitamin A and retinoids affect pituitary-thyroid function through suppression of serum thyroidstimulating hormone (TSH) levels and TSH-β subunit gene expression. We have previously shown that retinoid X receptor-selective (RXR-selective) ligands can suppress serum TSH levels in vivo and TSH-β promoter activity in vitro. The RXR-γ isotype has limited tissue distribution that includes the thyrotrope cells of the anterior pituitary gland. In this study, we have performed a detailed analysis of the pituitary-thyroid function of mice lacking the gene for the RXR-γ isotype. These mice had significantly higher serum T4 levels and TSH levels than did wild-type (WT) controls. Treatment of RXR-γ-deficient and WT mice with T3 suppressed serum TSH and T4 levels in both groups, but RXR-γ-deficient mice were relatively resistant to exogenous T3. RXR-γ-deficient mice had significantly higher metabolic rates than did WT controls, suggesting that these animals have a pattern of central resistance to thyroid hormone. RXR-γ, which is also expressed in skeletal muscle and the hypothalamus, may have a direct effect on muscle metabolism, regulation of food intake, or thyrotropin-releasing hormone levels in the hypothalamus. In conclusion, the RXR-γ isotype appears to contribute to the regulation of serum TSH and T4 levels and to affect peripheral metabolism through regulation of the hypothalamic-pituitary-thyroid axis or through direct effects on skeletal muscle.
itary, whereas RXR-γ has a very limited tissue distribution that includes skeletal muscle and the pituitary. Furthermore, Sugawara and colleagues (8) showed that RXR-γ protein expression is restricted to thyrotropes within the rat anterior pituitary gland. Sanno and colleagues (9) recently demonstrated that RXR-γ protein expression was limited to thyrotropes in the human anterior pituitary.
A transgenic mouse gene deletion of RXR-γ has been performed, and the mice appeared phenotypically normal (7) . Histology of the pituitary and muscle, two organs with restricted expression of RXR-γ, appeared to be normal. In this study, we have performed a detailed analysis of the pituitary-thyroid axis in the RXR-γ-deficient mouse model to investigate the role of this receptor on pituitary-thyroid function. We have also begun to investigate the metabolic consequences of this gene defect.
Methods
Mice. Female RXR-γ -/-mice (7) were bred with 129 SvJ male mice (The Jackson Laboratory, Bar Harbor, Maine, USA) to generate heterozygotic mice. These were further intercrossed for two generations to generate RXR-γ -/-, RXR-γ +/-, and RXR-γ +/+ littermate mice for analysis. Genotype analysis was performed by PCR of genomic DNA. Tail sections (5-10 mm) were treated with 0.3 mg of proteinase K (Sigma-Aldrich Co., St. Louis, Missouri, USA) overnight at 55°C in 300 µL of DNA extraction buffer (50 mM Tris-HCl at pH 8.0, 10 mM EDTA, 100 mM NaCl, and 0.1% SDS). One microliter of the extract was subjected to 35 cycles of PCR (95°C for 15 seconds, 56°C for 15 seconds, and 72°C for 15 seconds). Oligonucleotides corresponding to exon 4 of RXR-γ (sense: 5′-AACCAGGGAAGCACTACGGT-3′, antisense: 5′-ATACCT-CACCTTCCCGCTTC-3′; 195 bp) and the neomycin resistance marker cDNA (sense: 5′-GTTCTTTTTGTCAA-GACCGACC-3′, antisense: 5′-ATACTTTCTCGGCAGGAGCA-3′; 205 bp) were used. oligonucleotides corresponding to GAPDH (sense: 5′-CCTTCTCCATGGTGGTGAAGAC-3′, antisense: 5′-ATGGTGAAGGTCGGTGTGAACG-3′; 316 bp) were used as a positive control. All mice used in these studies were treated in accordance with National Institutes of Health guidelines on animal use and care. Male and female mice were used in all experiments, except for the metabolic rate and growth studies in which only male mice were used.
RT-PCR analysis. RNA was prepared from six pooled pituitaries in each group as described previously (10) . One microgram of total RNA was subjected to reverse transcription with random hexamers (1 µg) and 30 U of avian myeloblastosis virus reverse transcriptase (Promega Corp., Madison, Wisconsin, USA). The product was divided into six parts for PCR, for RXR-γ1, TSH-β, growth hormone (GH), thyroid hormone receptor β1 (TR-β1), TR-β2, and GAPDH. PCR reactions were carried out with 500 ng of sense and antisense oligonucleotides generated against unique regions of each target cDNA. Annealing temperatures for the reactions were 52.5°C (RXR-γ1 and GAPDH), 58°C (TSH-β), 60°C (TR-β1 and TR-β2), and 62°C (GH). PCR reactions were performed with 2.5 U Taq polymerase (Roche Molecular Biochemicals, Mannheim, Germany) at 94°C for 1 minute, annealing temperature for 1 minute, and 72°C for 1 minute over 40 cycles in a total volume of 50 µL. Ten microliters of the reaction mixture was removed at 30, 35, and 40 cycles; products were size separated on a 1.5% agarose gel containing ethidium bromide and then exposed to ultraviolet light for photography.
Quantitative mRNA analysis was carried out for RXR-α, RXR-β, RXR-γ1, RXR-γ2, and TSH-β using the ABI PRISM 7700 system (Perkin-Elmer Applied Biosystems, Foster City, California, USA). Primers and probes (containing fluorochrome and quencher) were generated against each specific RNA using the Primer Express program (Perkin-Elmer Applied Biosystems). (Primer and probe sequences are available upon request.) Primer and probe concentrations were optimized against total RNA containing all RXR isoforms (TtT-97 RNA; ref. 4) or a specific riboprobe for mouse TSH-β. TtT-97 total RNA and the TSH-β riboprobe were subsequently used to generate quantitative standard curves for sample analysis. Standard curves were linear between 0.1 ng and 200 ng of total RNA for RXR-α (r = 0.997), RXR-β (r = 0.993), RXR-γ1 (r = 0.992), and RXR-γ2 (r = 0.994). The standard curve for TSH-β was linear between 0.1 fg and 10,000 fg of input pure riboprobe (r = 0.996). Total RNA was extracted from single pituitaries using the RNeasy method (QIAGEN Inc., Valencia, California, USA). Amplification reactions were performed in MicroAmp optical tubes (Perkin-Elmer Applied Biosystems) in a 50-µL volume containing 8% glycerol; 1× TaqMan buffer A (500 mM KCl, 100 M Tris-HCl at pH 8.3, and 600 nM passive reference dye ROX); 300 µM each of dATP, dGTP, and dCTP; 600 µM dUTP; 5.5 mM MgCl 2 ; 12.5 U Moloney murine leukemia virus reverse transcriptase (Life Technologies Inc., Gaithersburg, Maryland, USA); 1.25 U AmpliTaq Gold DNA polymerase (Perkin-Elmer Applied Biosystems); 20 U RNasin ribonuclease inhibitor (Promega Corp.); and input RNA. Samples were run in duplicate with a control lacking reverse transcriptase; the signal of this control was consistently less than 1% of the RT-PCR reaction. Input total RNA was first determined against an 18S ribosomal RNA (rRNA) control (Perkin-Elmer Applied Biosystems) that correlated well with the RNA amount determined by optical density. Input total RNA was 300-700 ng for the RXR isoform measurements and 100 ng for TSH-β measurements. Individual target RNA concentrations were corrected for input RNA based on rRNA measurements. Reverse transcription was performed at 48°C for 30 minutes, followed by activation of AmpliTaq Gold ® at 95°C for 10 minutes. Subsequently, 40 cycles of amplification were performed, at 95°C for 15 seconds and 60°C for 1 minute. The detection threshold was set above the mean baseline fluorescence determined during the first 15 cycles; threshold cycle was determined when fluores-cence intensity first increased above detection threshold. Sample values were generated from the standard curve.
Serum assays. Serum was measured for T4 and T3 levels by standard radioimmunoassay. A mouse serum TSH assay was developed in our laboratory. The TSH assay was first validated with purified rat TSH by incubating 0.1-3.2 ng/tube of rat TSH with a polyclonal rabbit antiserum raised against mouse TSH at a 1:5,000 dilution for 24 hours at 4°C. Rat TSH labeled with 125 I (11) was added (15,000-20,000 cpm [0.05 ng]), and the mixture was incubated for 72 hours at 4°C. Goat anti-rabbit secondary Ab (generated at our institution) was added, and the mixture was incubated for 3 hours at 4°C, followed by precipitation with 5% polyethylene glycol. The supernatant was removed, and pellets were counted for 5 minutes. To generate a mouse TSH standard curve, hypothyroid mouse serum from mice with TtT-97 thyrotrope tumors (with very high levels of serum TSH; ref. 12) was diluted at 1:50,000 and measured against the absolute rat standard to assign a "rat equivalent" value. Doubling dilutions of the hypothyroid mouse serum were made to generate a mouse TSH standard curve.
Immunohistochemistry. Paraffin-embedded pituitary sections were immunostained with polyclonal antisera against rat TSH-β (AFP 1274789, 1:1,000; National Hormone and Pituitary Program, National Institute of Diabetes and Digestive and Kidney Diseases). A biotinylated secondary Ab was used in conjunction with avidin and peroxidase. Sections were counterstained with Gill's triple-strength hematoxylin.
Indirect whole-animal calorimetry. Energy expenditure was calculated from measurements in an indirect calorimeter. The indirect calorimetry system consists of cages, pumps, flow controllers, valves, and analyzers, and is calibrated with O 2 (1%) and CO 2 (0.8%) primary gas standards (Air Liquide, Houston, Texas, USA). The system is computer controlled and is designed to sequentially measure the O 2 and CO 2 concentrations in four separate cages on a continual basis. The system operates as follows: Air taken from a constant air source is pulled through four metabolic chambers (Metabowl; Jencons Scientific Ltd., Bridgeville, Pennsylvania, USA), a blank cage, and a reference line connected to separate but identical air-sampling pathways. Mice are placed in four metabolic chambers. The blank cage is used as a reference cage to monitor ambient O 2 and CO 2 concentrations periodically. The condensation in the air exiting the chambers is removed with electronic sample coolers (Universal Analyzers Inc., Carson City, Nevada, USA) and then pushed through mass flow controllers (Hastings Raydist; Teledyne Electronic Technologies, Hampton, Virginia, USA) that maintain constant air flow (0.75 L/min). The air then travels to a manifold with five valves that the computer at predefined intervals closes and opens, thereby shunting air from a cage through the O 2 and CO 2 analyzers (Oxymat/Ultramat 6; Siemens Energy & Automation Inc., Roswell, Georgia, USA). The analyzers compare the O 2 and CO 2 levels in the cage air stream with those in a reference line. The differential O 2 and CO 2 concentrations, flow rate, respiratory quotient, and metabolic rate (calculated using the Weir equation) are calculated and stored in a computer configured with data-acquisition hardware (Analogic Corp., Wakefield, Massachusetts, USA) and software (LABTECH, Wilmington, Massachusetts, USA). The metabolic rate for each mouse is an average of measurements over three continuous days (kcal/d/g).
Statistics. Statistical analyses comparing RXR-γ -/-and wild-type (WT) mice were performed with the Student's t test, except for the growth rates that were RT-PCR analysis of RNA from RXR-γ -/-and WT mouse pituitaries. One microgram of total RNA was subjected to reverse transcription with random hexamers, and then to PCR with specific oligonucleotides for mouse RXR-γ1 (mRXR-γ1), mTSH-β, mGH, mTR-β1, mTR-β2, and mGAPDH as an RNA loading control. Product samples were removed at 30, 35, and 40 cycles and were analyzed on an agarose gel. The appropriately sized fragments were identified, and semiquantitative expression was compared between WT and RXR-γ -/-mice.
performed with two-way repeated measures ANOVA. A P value of less than 0.05 was considered to be statistically significant.
Results
Phenotype of RXR-γ-deficient mice. Expected ratios of WT (22%), heterozygotic (57%), and homozygotic (21%) mice were observed, as were expected ratios of males (48%) and females (52%) in 220 littermate mice. The average litter size was 5-8 pups in all groups. All mice appeared grossly normal, and gross locomotion was comparable in all groups. Krezel et al. (7) previously showed that RXR-γ -/-mice lack expression of RXR-γ protein in the pituitary. Using standard RT-PCR, we examined pituitaries of mice 6-8 weeks old for RNA expression. RXR-γ -/-mice lacked RXR-γ mRNA (Figure 1 ), but levels of TR-β1, TR-β2, TSH-β, and growth hormone mRNA were comparable between WT and RXR-γ -/-mice using this semi-quantitative analysis. A control lacking RNA was negative for all products at 40 cycles.
To determine the effect of lack of RXR-γ on other RXR isoforms and TSH-β mRNA, quantitative analysis was performed on pituitaries from individual animals (with 3-6 µg of total RNA obtained from each pituitary) using ABI PRISM ® 7700 quantitative real-time RT-PCR and fluorescent probes specific for each isoform. Neither RXR-γ1 nor RXR-γ2 mRNA was detectable in pituitaries from the RXR-γ -/-mice using this sensitive technique (Figure 2a) . Levels of RXR-α and RXR-β mRNA were not significantly different between WT and RXR-γ -/-mice, suggesting that there is no compensatory upregulation of these isoforms in mice lacking RXR-γ. Levels of TSH-β mRNA were slightly higher in the RXR-γ -/-mice, but these differences did not reach statistical significance (P = 0.14; Figure 2b) .
Baseline measurement of pituitary-thyroid function. Figure  3 shows baseline serum levels of T4, T3, and TSH in eight WT and eight RXR-γ -/-littermate mice. Serum T4 levels were significantly higher in the RXR-γ -/-mice (5.66 ± 0.15 µg/dL) than in their WT littermates (4.84 ± 0.12 µg/dL; P = 0.001). Serum T3 levels were also higher in RXR-γ -/-mice (63.8 ± 5.4 ng/dL) than in WT controls (56.1 ± 3.1 ng/dL), but these differences were not significant. Serum TSH levels were significantly higher in RXR-γ -/-mice (5.98 ± 0.40 ng/mL) than in their WT littermates (4.95 ± 0.91 ng/mL; P = 0.01). This pattern of elevated serum thyroid hormone levels and elevated serum TSH is also seen in transgenic mice lacking the thyroid hormone receptor (TR-β), humans with thyroid hormone resistance, and vitamin A-deficient rats (3, 13) .
Pituitary and thyroid histology. Because RXR-γ has limited tissue expression that includes thyrotrope cells in the anterior pituitary and the thyroid gland, histologic analysis of these organs was performed; this revealed no basic differences between RXR-γ -/-mice and WT mice (data not shown). To assess thyrotrope distribution and number within the anterior pituitary gland,
76
The immunohistochemistry was performed using a polyclonal antiserum against rat TSH. Figure 4 shows representative fields from pituitaries of RXR-γ -/-and WT mice. The distribution of thyrotropes was similar in the two groups. The percentage of TSH-positive cells was also comparable in the RXR-γ -/-mice (3.3 ± 0.2%) and WT mice (3.7 ± 0.9%), suggesting that normal thyrotrope development does not require RXR-γ.
Perturbations of the pituitary-thyroid axis.
To further evaluate the pattern of mild thyroid hormone resistance seen in RXR-γ -/-mice, littermates were treated with increasing amounts of T3 in the drinking water, and then serum TSH (Figure 5a ) and T4 (Figure 5b) were measured. Serum TSH and T4 levels were higher in the 12 RXR-γ -/-mice than in the 18 WT littermates at each treatment dose of T3, except for the highest dose (1.0 mg/L). These data further support the hypothesis that RXR-γ -/-mice have a central pattern of resistance to thyroid hormone.
To determine thyrotrope response to primary hypothyroidism, mice were rendered hypothyroid with 150 µCi 131 I, given intraperitoneally to ablate the thyroid gland. Four months after radioiodine treatment, serum was measured for TSH and T4, and pituitaries were collected for immunohistochemical analysis. Figure 6 shows that mice were rendered hypothyroid (determined by low serum T4 levels), and serum TSH was significantly elevated in both RXR-γ -/-and WT mice compared with baseline (Figure 5a ). RXR-γ -/-mice again had higher serum TSH levels than did WT controls, despite higher levels of serum T4. Thyrotrope hyperplasia was observed in both RXR-γ -/-and WT mice (data not shown), suggesting that thyrotropes in RXR-γ -/-mice respond to severe hypothyroidism.
Metabolic rate. To explore the metabolic consequences of higher serum T4 and TSH levels in RXR-γ -/-mice, littermate mice were studied in a whole-animal indirect calorimetry chamber in which measurements of oxygen consumption and carbon dioxide production were performed. To evaluate the impact of thyroid hormone on metabolic rate, four WT mice were studied at baseline (euthyroid) and after radioiodine treatment (hypothyroid, T4 < 1 mg/dL). Figure 7a shows that euthyroid mice had a metabolic rate of 0.341 ± 0.010 kcal/d/g of body weight, and mice rendered hypothyroid had a 31% lower metabolic rate (0.235 ± 0.015 kcal/d/g; P = 0.001). Energy expenditure for the RXR-γ -/-and WT mice is shown in Figure 7b . Six RXR-γ -/-mice had a 37% higher metabolic rate (0.434 ± 0.033 kcal/d/g) than six WT littermates (0.316 ± 0.020 kcal/d/g; P = 0.015), suggesting that the higher T4 levels in the RXR-γ -/-mice may increase peripheral metabolism. Weights were not significantly different between the two groups (WT, 34.5 ± 2.1 g vs. RXR-γ -/-, 32.2 ± 1.7 g; 
Discussion
In this study, we have demonstrated that mice lacking the thyrotrope-restricted RXR-γ isotype have a phenotype consistent with thyroid hormone resistance and vitamin A deficiency (3, 13) . Vitamin A, retinoids, and thyroid hormone can suppress serum TSH levels and decrease TSH-β subunit gene promoter activity (2-4, 15) . Retinoids appear to suppress TSH-β promoter activity through the -200 to -149 region of the mouse and rat promoters (5, 16) , which is different than the thyroid hormone response element located near the transcription start site (15, 17, 18) . These data suggest that the retinoid effect is unlikely to occur through an RXR-TR heterodimer as is seen with positively regulated genes. Inspection of the -200 to -149 region of the TSH-β promoter reveals no consensus retinoid elements (DR1 or DR5), but alternate retinoid elements (DR0 and DR7) are present (19) . The precise receptor or receptors mediating this response are currently unknown.
Recent reports have provided further insight into retinoid and potential receptor-mediated suppression of serum TSH and TSH-β promoter activity. In collaboration with Sherman and colleagues (4), we have shown that the RXR-selective retinoids LG1069 and LG346 (Ligand Pharmaceuticals Inc., San Diego, California, USA) suppress serum TSH levels in humans and decrease TSH-β promoter activity in vitro, suggesting a mechanism using a ligand-bound RXR. Because the RXR-γ isotype has limited tissue distribution including the anterior pituitary and hypothalamus (6, 14) , as well as thyrotropes within the anterior pituitary (5, 8) , we hypothesized that the RXR-γ isotype played a role in the regulation of the pituitary-thyroid axis.
The RXR isotypes may be redundant under certain circumstances, but gene deletion studies have revealed distinct roles for the three major isotypes. RXR-α-deficient mice have severe cardiac and eye developmental defects and do not survive (20) (21) (22) . RXR-β-deficient mice survive, but males appear to have abnormal spermatogenesis (23) . In this report, we have shown that RXR-γ-deficient mice appear to survive and develop normally. Pituitary and thyroid histology are normal in these mice, and they reproduce normally. Specific analysis of the pituitary-thyroid axis reveals mild but significant elevations of serum TSH and T4 that do not suppress normally with the administration of T3. These data are consistent with a thyroid hormone resistance phenotype, but this is a more mild phenotype than that seen with lack of the TR-β isoform (24) . Using a different TSH assay, Barros and colleagues did not detect a significant elevation of TSH in these RXR-γ-deficient mice, although TSH levels were higher (24) . Furthermore, they did not observe an additive effect on TSH and T4 elevation when the RXR-γ-deficient mice were crossed with TR-β-deficient mice, suggesting a dominant effect of TR-β on regulation of the TSH-T4 axis. These data are consistent with the
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The effects of thyroid hormone and vitamin A deficiency seen in other animal studies (25) . In this study, mice were given increasing amounts of T3, which predictably decreased serum TSH and T4 levels in the WT animals. TSH and T4 levels also decreased in RXR-γ -/-animals in response to T3 administration, but higher doses of T3 were required, suggesting a pattern of central thyroid hormone resistance. Levels of T4 decreased more than did TSH in the RXR-γ -/-mice, suggesting a reduced effect of TSH on T4 production at the level of the thyroid. RXR-γ is also expressed in the mouse (7) and human (B.R. Haugen, unpublished data) thyroid. RXR-γ may play a separate role in the T4 response to TSH stimulation in the thyroid. Because mice lacking RXR-γ have mild elevations of TSH and T4, we examined the effects of these hormone changes on peripheral metabolism. Interestingly, mice lacking RXR-γ had higher metabolic rates than their WT littermates did, suggesting that this gene plays a role in metabolism. One possibility is that the higher T4 levels affect peripheral organs (liver, heart, skeletal muscle) and increase metabolism, as is seen in patients with pituitary resistance to thyroid hormone (13) . Another possibility is that these mice were simply eating more than their WT littermates were eating, which would cause increased metabolic rates. The weights of these animals, however, were not significantly different. Food intake was not directly measured in these experiments. RXR-γ is highly expressed in skeletal muscle (6, 26) , and this receptor isotype may play a direct role in skeletal muscle metabolism such as glucose or fat metabolism, which could account for the changes we have observed. A recent immunohistochemical and in situ hybridization analysis of all six RAR and RXR isotypes in the mouse central nervous system showed that RXR-γ mRNA and protein have high levels of expression in the hypothalamus as well as in the anterior pituitary (14) . Direct hypothalamic effects of RXR-γ on food intake, metabolism, and TSH regulation by thyrotropin-releasing hormone must therefore also be considered. Future studies of body composition, food intake, heart rate (the RXR-γ2 isoform is expressed in cardiac muscle) and manipulation of the pituitary-thyroid axis will be necessary to determine the role of RXR-γ on metabolic rate.
In summary, we have demonstrated that mice lacking the RXR-γ isotype have a phenotype consistent with thyroid hormone resistance and vitamin A deficiency. Furthermore, these mice appear to have an increased metabolic rate, which could be caused by the increased T4 levels or direct effects of RXR-γ on organs such as skeletal or cardiac muscle. Because retinoids are being increasingly used as chemotherapeutic and chemopreventive agents, studies defining the precise role of these retinoids and receptors will provide important insight into the effects on the pituitary-thyroid axis and metabolism.
